While previous studies have shown intergenerational transmission of birth weight from mother to child, whether the continuity persists across 3 generations has rarely been assessed. We used the Aberdeen Maternity and Neonatal Databank (United Kingdom) to examine the intergenerational correlations of birth weight, birth weight adjusted for gestational age and sex, and small-and large-for-gestational-age births across 3 generations among 1,457 grandmother-motherchild triads. All participants were born between 1950 and 2015. The intergenerational transmission was examined with linear regression analyses. We found that grandmaternal birth weight was associated with grandchild birth weight, independently of prenatal and sociodemographic covariates and maternal birth weight (B = 0.12 standard deviation units, 95% confidence interval: 0.07, 0.18). Similar intergenerational continuity was found for birth weight adjusted for sex and gestational age as well as for small-for-gestational-age births. In conclusion, birth weight and fetal growth showed intergenerational continuity across 3 generations. This supports the hypothesis that the developmental origins of birth weight and hence later health and disease are already present in earlier generations.
Individual differences in birth weight and fetal growth predict premature mortality and increased risk of cardiovascular disease across the lifespan (1-3). Thus to increase our understanding of the developmental pathways to chronic illnesses, it is important to understand the developmental pathways to fetal growth.
Several studies have supported small to moderate-sized intergenerational associations of birth weight and suboptimal fetal growth-indexed most commonly as small for gestational age (SGA), defined as birth weight predicted by sex and gestational age at ≤−2 standard deviations (or below the 10th percentile) or large for gestational age (LGA), defined as birth weight predicted by sex and gestational age at ≥2 standard deviations (or above the 90th percentile births)-of parents and their children (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , with correlations between maternal and child birth weight typically ranging between 0.20 and 0.25. The intergenerational associations are noticeably stronger for maternal than paternal birth weight (12, 20) , suggesting that maternal genetic and/or fetal-environmental factors may explain this continuity. Indeed, while recent genetic studies have identified a small genetic component in birth weight and fetal growth (21) , prenatal and/or postnatal environmental factors can strengthen or attenuate the familial transmission of birth weight (22) .
Although transmission of birth weight across 2 generations has been repeatedly reported (4, 6, 8-11, 14-18, 23) , to our knowledge only one study has examined continuity across 3 generations: De Stavola et al. (20) examined the intergenerational associations of birth size among 28,152 grandparent-grandchild pairs and reported modest correlations between grandparental and grandchild birth size, with stronger associations found for birth weight along the maternal line. However, the study included only data from grandparents and grandchildren with no data about the second generation, and hence could not examine whether this intergenerational association was mediated by birth weight in the intermediate generation (20) .
Furthermore, the underlying mechanisms of this intergenerational continuity of birth weight are unclear. It is not known whether these associations are mediated by prenatal environmental adversities and/or whether they are due to genetic or epigenetic inheritance. Only a few studies (6, 11, 16, 18, 24) have examined whether this intergenerational continuity is explained by socioeconomic or prenatal environmental adversities (e.g., cardiometabolic pregnancy disorders, maternal smoking during pregnancy) that are known predictors of birth weight and fetal growth (18, 25, 26) . These studies suggest that these factors do not explain the intergenerational continuity (6, 11, 16, 18, 24) .
We used data from the Aberdeen Maternity and Neonatal Databank (AMND) to examine the intergenerational transmission of birth weight and fetal growth across 3 generations. We hypothesized that birth weight is transmitted across 3 generations. Based on previous evidence, we also hypothesized that the associations are at most partially mediated by prenatal and sociodemographic factors and thus also emerge independently of assessed covariates. We also examined whether grandmaternal birth weight predicts grandchild birth weight independently of birth weight in the intermediate generation.
METHODS

Study sample
The AMND comprises maternal and neonatal data from medical records of all pregnancies in Aberdeen Maternity Hospital, in Aberdeen, United Kingdom, since 1950 (27) . The database includes pregnancy, delivery, and baby records on multiple aspects of obstetric and perinatal health and development. The Aberdeen Maternity Hospital is the only maternity hospital in Aberdeen, and approximately 99% of the births in the city take place at this hospital (27) . The city of Aberdeen also has a rather stable population, with less than 4% of those born in the Aberdeen Maternity Hospital migrating out of this region (27) . Therefore, the AMND is a representative data set of the whole population of Aberdeen. Perinatal data are coded by trained professionals using a stringent, standardized procedure. Complete computerized data on reproductive histories allow identification of families and thus intergenerational studies (27) .
Web Figure 1 (available at https://academic.oup.com/aje) shows the flowchart of the participant selection for the current study. We excluded multiple births, stillbirths, and neonatal deaths from our analyses. To avoid the possibility of having dependent observations of siblings in the same analytical pool, we included only the first pregnancies of the mothers in the data set in each generation. If a mother's first pregnancy in the data set had been a stillbirth, she was included in the study with her first live-born offspring. With these criteria, birth weight data from 3 generations were available for 1,457 triads (grandmother, mother, and the child in the third generation) born during 1950-2015. The study was approved by the AMND Steering Committee.
Neonatal characteristics
Birth weight was measured in grams and gestation length in weeks. Fetal growth was defined in sex-and birth order-stratified models by the residuals of birth weight predicted by gestational age according to Scottish norms (28) , and it was used both as a continuous variable (referred to as birth weight-standard deviation (SD) score) and as classified into 3 categories (SGA, ≤−2 SD; appropriate for gestational age, within −2 to 2 SD; and LGA, ≥2 SD).
Covariates
Data on other prenatal and sociodemographic factors were extracted from the AMND database. These included maternal age at delivery (years), height, body mass index (calculated as weight (kg)/height (m) 2 ) in pregnancy with the gestational week of measurement (<20 weeks, 20-24 weeks, 25-39 weeks, or ≥30 weeks), hypertensive pregnancy disorders (preeclampsia, gestational hypertension, preexisting (essential or renal) hypertension, or normotensive), gestational or preexisting diabetes, socioeconomic deprivation status categories (low (category 1), intermediate (categories 2-3), or high (categories ≥4)), parity (primiparous vs. other), maternal smoking during pregnancy (never smoker, former smoker, or smoked throughout pregnancy), labor type (elective cesarean, induced labor, or spontaneous birth), child sex (female or male), and year of birth. Due to low levels of socioeconomic deprivation in the first generation of the 3-generation data set, the categories of intermediate and high socioeconomic deprivation were combined in this generation. Child sex varied only in the final generation of the data sets, because in earlier generations all participants were also participating mothers. For all categorical covariates, we dummy-coded participants with missing data into a separate category.
Statistical analyses
Tests (Pearson correlation analysis, t test, and analysis of variance) were conducted to assess the associations of the covariates with birth weight and birth weight SD score across generations. The intergenerational continuity of birth weight and fetal growth was also examined in linear regression models in which birth weight and birth weight SD score in the third generation were the outcomes. First regression models included maternal age at delivery, socioeconomic deprivation level, year of delivery, and parity (in grandmaternal, maternal, and child's generation) and child's sex (in the final generation) as covariates. Second models included model-1 covariates and maternal smoking, hypertensive disorders during pregnancy, gestational or preexisting diabetes, and labor type in each generation. Third regression models included also maternal birth weight as a covariate. Fourth models adjusted further for maternal height and body mass index during pregnancy and for the stage of gestation when weight was measured in each generation. To account for skewness, maternal body mass index during pregnancy in each generation was rank-normalized according to Blom's formula.
To assess whether any associations between grandmaternal birth weight and child birth weight were mediated through maternal birth weight, mediation analyses were performed with the bootstrapping method with 5,000 resamples and bias-corrected confidence intervals, using the PROCESS macro for mediation analyses developed by Hayes and Preacher (29, 30) . The mediation analyses were performed with only the birth weight variables included, with no covariates.
All continuous independent and dependent variables were standardized into SD units (mean = 0 (SD, 1)) for linear regression and mediation analyses to facilitate comparison of the strength of the associations. We also performed the analyses by using the categorical indices of fetal growth (SGA, appropriate for gestational age, or LGA birth) as predictors of birth weight in the following generations.
We also examined the intergenerational continuity of birth weight and birth weight SD score across 2 generations in the grandmother-mother and mother-child dyads of the data set, using the same factors of the examined generations as those described above as covariates. Table 1 shows the characteristics of the study sample, and Web Table 1 shows the associations of the covariates with birth weight and fetal growth in each generation.
RESULTS
Birth weight and fetal growth across 3 generations
Higher grandmaternal birth weight and higher grandmaternal SD birth weight score were correlated with higher child birth weight and higher child SD birth weight score ( Table 2 ). In linear regression analyses, these associations were independent of all the sociodemographic and prenatal covariates. Correlation coefficients and regression coefficients in models 1 and 2 varied between 0.17 and 0.19 SD units. Furthermore, although maternal birth weight partly explained the intergenerational continuity, evident associations remained also in the third regression models. The observed associations were also independent of maternal body size in adulthood in each generation; the addition of maternal height and body mass index in pregnancy in models 4 did not influence the strength of the associations. In analytical models 3 and 4, 1 SD unit increases in grandmaternal birth weight and grandmaternal birth weight SD score were independently associated with 0.12 SD unit increases in child birth weight and birth weight SD score (Table 2) . Mediation analyses presented in Figure 1 show that the association between grandmaternal and child birth weight was partially mediated by maternal birth weight, and that there was also an independent association between grandmaternal and child birth weights.
Grandmaternal SGA birth predicted smaller child birth weight and lower child birth weight SD score independently of sociodemographic and prenatal covariates, of birth weight in the intermediate generation, and of maternal body size in adulthood within each generation (Table 3) . Grandmaternal SGA birth was associated with between −0.44 and −0.66 SDs lower child birth weight and birth weight SD scores in regression models 1-4. In contrast, grandmaternal LGA birth was not associated with child birth weight or birth weight SD score (Table 3) .
Birth weight and fetal growth across 2 generations
Web Tables 2 and 3 show that across both the first and second and second and third generations of the sample, higher maternal birth weight and birth weight SD score predicted higher child birth weight and higher child birth weight SD score, independently of the assessed covariates. Maternal SGA birth also independently predicted higher child birth weight and birth weight SD score, and maternal LGA birth predicted higher child birth weight and/or higher child SD birth weight score.
DISCUSSION
In this longitudinal study including births among 3 generations over the course of 60 years, birth weight and birth weight adjusted for sex and gestational age, indexing fetal growth, showed intergenerational transmission from grandmother to grandchild. This intergenerational continuity of birth weight and fetal growth was independent of sociodemographic and perinatal factors in each generation as well as maternal body size in adulthood and cardiometabolic health during pregnancy. Although partial mediation was evident, higher grandmaternal birth weight also predicted higher grandchild birth weight independently of birth weight in the intermediate generation. Corresponding intergenerational continuity was found for birth weight and fetal growth assessed linearly and for suboptimal fetal growth as indexed by SGA birth.
A novel key finding of our study was that grandmaternal birth weight predicted the birth weight and fetal growth of the grandchildren, independently of perinatal and sociodemographic covariates and of birth weight in the intermediate generation. De Stavola et al. (20) , in a relatively larger sample in which the grandparents were born 1915-1929, showed more modest intergenerational continuity (correlation coefficients of 0.13, compared with 0.18-0.19 in our sample) from grandmaternal to grandchild birth weight. They suggested that this continuity was mostly due to fetal or maternal genetic factors, but sociodemographic and maternal behavioral factors during pregnancy partially mediated the association (20) . In contrast, in our study with a rich data set including multiple sociodemographic and perinatal confounders affecting fetal growth, we could show that the strength of the associations remained unchanged after adjusting for sociodemographic and perinatal factors and maternal cardiometabolic health during pregnancy. While differences in the birth years of the studied cohorts and in their sociodemographic characteristics may explain the partial differences in findings between the studies, both studies showed that grandmaternal birth weight independently predicts grandchild birth weight. Furthermore, while the earlier study lacked birth-weight data in the intermediate generation (20) , we found that the association between grandmaternal and grandchild birth weight was only partially mediated by birth weight in the intermediate generation, and that an independent association across 3 generations was also present.
As another novel finding, we demonstrated that suboptimal fetal growth was also transmitted across 3 generations. Namely, grandmaternal SGA birth predicted smaller birth weight and slower fetal growth within the grandchildren. In contrast, LGA birth showed no significant associations across 3 generations. It may be that with increasing obesity rates (31, 32) , the factors underlying LGA births have changed across time more than those underlying SGA births, contributing to the higher intergenerational transmission of SGA births. Notably, the observed associations of grandmaternal SGA birth with grandchild birth size were independent of all the assessed covariates. Further, the strength of these intergenerational associations of suboptimal fetal growth was marked; grandmaternal SGA births predicted 0.4-to 0.7-SD-units lower birth weights and slower fetal growth in the grandchildren. This suggests that grandmaternal SGA birth is among the key risk factors for suboptimal fetal growth within the grandchild's generation. On the other hand, our findings of 0.2-to 0.3-sized correlations of birth weight and fetal growth in mothers and children correspond with previous findings from multiple studies, including 2 studies using the AMND data set (4, 6-10, 12, 14-17) . Also corresponding with previous findings (7, 9, 18, 19) , both SGA and LGA births predicted individual differences in fetal growth and birth weight within the next generation, and these associations were of similar or larger magnitude to those reported in previous studies (7, 9, 18, 19) .
The underlying mechanisms for the intergenerational transmission of birth weight and fetal growth may include genetic and epigenetic inheritance. According to twin studies and genome-wide and epigenome-wide association studies, factors such as hereditary vulnerabilities, certain single nucleotide polymorphisms, and epigenetic DNA methylation and gene expression changes each predict individual differences in birth weight (21, (33) (34) (35) (36) (37) ). Yet, other things being equal, genetic transmission should lead to estimated transmission from grandparent to grandchild of approximately 25% of the transmission from parent to child, while the associations we found across 3 generations were of higher magnitude: approximately 65%-75% of the 2-generation correlations. Although maternal cardiometabolic health, smoking during pregnancy, and other sociodemographic and perinatal covariates showed expected associations with offspring birth weight and fetal growth, they did not explain the intergenerational continuity of birth weight and fetal growth. Yet, considering that grandmaternal birth weight predicted grandchild birth weight independently of birth weight in the intermediate generation, one may speculate whether epigenetic inheritance plays a role in explaining the relatively high intergenerational transmission across 3 generations. Do some environmental factors occurring during the pregnancy in the first generation lead to changes in gene expression that become stable and are then reflected in birth size across generations? Further studies are needed to explore these potential epigenetic and genetic mechanisms.
The strengths of our study include the large and geographically representative study sample, the extensive data on perinatal and sociodemographic covariates and the reliably coded data on perinatal characteristics. Our longitudinal study has one of the longest follow-ups in the field and thus, to our knowledge, enabled for the first time thorough examination of transmission Mediation analyses, performed with the bootstrapping method with 5,000 resamples, where maternal birth weight was examined as a mediator of the associations between grandmaternal birth weight and grandchild birth weight, showed that the effect of grandmaternal birth weight on grandchild birth weight was partially mediated by maternal birth weight, but there was also an independent effect of grandmaternal birth weight on grandchild birth weight. These effects were shown by the following path coefficients in the bootstrapped mediation model: There was a main effect of grandmaternal birth weight on maternal birth weight (unstandardized regression coefficient (B) = 0.29 standard deviation (SD) units, 95% confidence interval (CI): 0.24, 0.34; standard error (SE) = 0.03; t = 11.6; P < 0.001). There was also a main effect of maternal birth weight on child birth weight (B = 0.22 SD units, 95% CI: 0.17, 0.27; SE = 0.03; t = 8.4; P < 0.001) and an indirect effect of grandmaternal birth weight on grandchild birth weight through maternal birth weight (B = 0.06 SD units, 95% CI: 0.04, 0.08; P < 0.001).
There was an independent main effect of grandmaternal birth weight on grandchild birth weight (B = 0.13 SD units, 95% CI: 0.07, 0.18; SE = 0.03; t = 4.8; P < 0.001). The predictive power of the whole linear regression model where both grandmaternal and maternal birth weight are used as predictors of child birth weight was specified with the following estimates: F (2, 1,454) = 64.0, R 2 = 8.1%; P < 0.001.
of birth weight across 3 generations. The limitations of the study include having no paternal or grandpaternal birth weight data or data on maternal nutrition and psychological well-being during pregnancy, factors that are known to influence birth outcome (38, 39) . Although previous evidence does suggest that birth weight is more evidently transmitted across generations through the maternal than paternal line of heritage (11, 20) , information on paternal birth size would have enabled us to more precisely assess the contributory factors to the intergenerational transmission of birth weight. Information on maternal nutrition and psychological well-being would have added further information on the potential mechanistic pathways. Furthermore, data on maternal smoking during pregnancy was available only from 1965 onwards. This important confounder affecting birth weight was thus not comprehensively assessed in our cohort. We focused our analyses on first pregnancies of the mothers in the data set, which led to overrepresentation of primiparous pregnancies in our sample. This also led to the mean maternal age at delivery being slightly younger than for the whole Scottish population (40) , which was exacerbated by the length of follow-up, spanning births over 66 years rather than throughout the reproductive cycle of mothers within each generation. Maternal age at delivery is also associated with family's socioeconomic position (41) , and parity, maternal age, and socioeconomic position each predict individual differences in birth weight (41) . Hence, the overrepresentation of younger mothers may limit the generalizability of the findings, and further studies should assess whether corresponding findings emerge in more multiparous samples, among older mothers, and among individuals from different socioeconomic backgrounds. Future studies should also study the intergenerational transmission of other birth size measures such as length, ponderal index, and head circumference at birth, as well as gestation length. To conclude, our findings highlighted the marked intergenerational continuity of birth weight and fetal growth across 3 generations. This transmission occurred independently of maternal, sociodemographic, and perinatal characteristics and suggests that the developmental origins of fetal growth, and hence later life health and disease, are evident already generations earlier. LGA, large for gestational age; SD, standard deviation; SGA, small for gestational age.
a Regression model 1 adjusted for child sex in the grandchild's generation, year of delivery, maternal age at delivery, socioeconomic deprivation level of the family, and parity in the grandmother's, mother's, and child's generation.
b Model 2 included model 1 covariates and maternal hypertensive disorders during pregnancy, preexisting or gestational diabetes, labor type, and maternal smoking during pregnancy in grandmother's, mother's, and child's generations.
c Model 3 included model 2 covariates and birth weight in the intermediate generation.
d Model 4 included model 3 covariates and maternal height, body mass index, and gestational stage of weight measurement during pregnancy. e In the univariate analyses, birth weight was expressed in grams. f In the univariate analyses, birth weight adjusted for sex and gestational age was expressed in SD units.
